Among these, the role of lipoxygenase (LOX ) in both biotic (Croft et al., 1990; Slusarenko et al., 1993) and The response of potato tuber (Solanum tuberosum L.
subsequent metabolites, such as jasmonic and traumatic itored up to 120 min after wounding and related to the acids ( Esquerre-Tugaye et al., 1993; Bell et al., 1995 ; cytological events occurring up to 24 h. Twenty Vijayan et al., 1998) , are involved in the defence mechanminutes after injury, an increase in IAA and LOOH isms to both pathogenic attack and abiotic stress. These levels and a decrease in the levels of PUFAs was reactive species, although toxic at high concentrations, observed. Wounding induced mitoses in differentiated could be considered secondary messengers in plant growth (parenchyma) cells starting at 120 min, and promoted and development at lower concentrations (Jones, 1994) . an increase of mitotic activity in the meristematic cells
This general picture has led to the speculation that biotic (procambium and bud dome), after 360 min. The inhibiand abiotic stresses can follow similar pathways, but with tion of the increase in LOOHs and IAA by lipoxygenase a different regulation. (LOX) inhibitors, as well as the ability of in vitro peroxIn previous studies (Castoria et al., 1992; Fanelli et al., idated linoleic acid to enhance IAA production, suggest 1992) , hypersensitive browning and phytoalexin accumua close relationship among lipoperoxidation, IAA and lation induced in potato tuber slices by arachidonic acid mitotic activity in the response of potato tuber cells (AA), an elicitor of the hypersensitive response (HR), to injury, resulting in a specific growth response, i.e.
have been reported. Furthermore, the elicitor AA signibud growth and periderm formation.
Introduction
AA, has been demonstrated among the cascade of HR Some of the factors involved in the events following events (Castoria et al., 1992) . However, AA is not proplant-pathogen interactions are similar to those seen duced in potato, but rather by the pathogen Phytophthora infestans and therefore has to be considered an exogenous following abiotic stresses such as mechanical wounding.
Samples were extracted three times for 1 h with 20 ml ethylacetelicitor and HPETE an endogenous secondary messenger ate in the presence of 100 mg BHT as an antioxidant and 5 mg capable of triggering the events of HR in Solanum of 2,4 dichlorophenoxyacetic acid (2,4 D) as an internal tuberosum tubers.
standard. After filtration and evaporation under vacuum, the
Wounding is an abiotic stress in plants and the cutting extracted solutes were silylated. In other experiments the IAA concentration was monitored under the same experimental of potato tubers is a common agricultural practice for conditions after the addition to the potato slice of in vitro propagating potato plants, favouring the budding event peroxidized C18:2, C18:3 and the LOX inhibitor salicylhydrox- (Hartmann et al., 1990) . Wounding is responsible for a amic acid (SHAM, 1 mM ). The trimethyl-silyl-ether (TMS)-very rapid hydrolysing of polyunsaturated fatty acids derivatives were analysed by GC-MS on a 5890 Hewlett-(PUFAs) in membrane phospholipids by lipolytic acyl Packard (Palo Alto, CA, USA) gas chromatograph coupled with a 5970 Hewlett-Packard Mass Spectrometer using a hydrolase (LAH ) and phospholipase (PhL) ( Theologis Supelco (Bellefonte, PA, USA) SPBTM-1 fused silica capillary and Laties, 1981; Thompson et al., 1987; Lee et al., 1997) .
column (30 m×0.20 mm×0.30 mm) and splitless injection of The release of endogenous fatty acids can lead to mem-2 ml of sample. Helium was used as the carrier gas. For the brane deterioration by their peroxidation through the analyses the oven temperature was programmed from 110°C to LOX activity. after tissue injury, the relationship between LOX by-products and IAA production, and the subsequent Lipid hydroperoxide detection cytological events in the regions located below-bud of LOOH formation was carried out at different times (0, 10, 20, wounded tubers were studied. 30, 60, and 120 min) on lipids extracted from 5 g FW of tuber slices and assayed spectrophotometrically using N,Ndiethyl-1,4-phenylene-diammoniumsulphate (DEPD) according
Materials and methods
to Nazzaro-Porro et al. . The effect of LOX inhibitors, i.e. SHAM and nordihydroguaiaretic acid Plant material (NDGA), on LOOH formation was also assayed. The inhibitors were applied at 1 mM concentration to the upper surface of the Certified potato tubers (Solanum tuberosum L. cv. Kennebec, potato discs. kindly supplied by PAT-FRUT, Castel D'Aiano, Bologna, Italy) 2-3-months-old, were stored at 4°C and were brought to room temperature 24 h prior to use. In all the experiments
In vitro enzymatic peroxidation of linoleic and linolenic acids and tubers were wounded by slicing (3 cm diameter and~0.5 cm their assay on potato tuber slices thick) below-bud (eye region) and weighed (5 g).
A non-purified peroxidized C18:2 or C18:3 was obtained by reacting 300 mg of C18:2 or C18:3 (Sigma Chemical Co.) with Lipid analysis 500 Units of LOX (EC. 1.13.11.12) (Sigma Chemical Co.). The solution was acidified with HCl to pH 4.0 and extracted three Potato tuber slices of 5 g fresh weight (FW ) each, were washed times with peroxide-free diethylether. The extracted solute was three times in sterilized distilled water and extracted three times purified by TLC according to Castoria et al. (Castoria et al., with 15 ml CHCl 3 /CH 3 OH (2:1, v/v) in the presence of 100 mg 1992). The reactivity of linoleic and linolenic acid peroxides of butylated hydroxytoluene (BHT ) as an antioxidant. After with DEPD was measured and a quantity of peroxide having filtration and evaporation under vacuum, the extracted lipids an absorbance similar to that found in potato slices was added were fractionated by thin layer chromatography ( TLC ) and the to the upper surface of the potato discs. This amount correspond polar lipid (PL) and free fatty acid (FFA) fractions were to 8-10 mg of C18:2 peroxidized and to 2-3 mg of C18:3 recovered as previously reported with slight peroxidized, using ter-butylhydroperoxide as standard. modification. Tricosanoic acid (C23:0) was added as internal standard before extraction. The extracted lipids were transesterified by boron-trifluoride (BF 3 10% in CH 3 OH ). The Isoenzyme analysis of LOX resulting fatty acid methyl-esters were analysed by gas Five grams (FW ) of tuber sliced below-buds were analysed chromatography (GC ) on a capillary column FFA-P 50 after 0, 20, 120, and 360 min. The samples were homogenized m×0.32 mm×0.52 mm .
with 200 ml of an extraction buffer (TRIS-HCl 20 mM pH 7.0, In other experiments, the time-course (up to 120 min) of ethylenediaminetetraacetic acid 2 mM, b-mercaptoethanol changes in linoleic (C18:2) and linolenic (C18:3) acids from the 14 mM, MgSO 4 10 mM, -dithiothreitol 1 mM, phenazine PL fraction was carried out as reported above. methosulphate 1 mM ) using a method modified from Chalot et al. (Chalot et al., 1989) and centrifuged at 5000 g for 15 min IAA detection at 4°C. Total protein was evaluated following the method of Lowry et al. (Lowry et al., 1951) . Analyses of IAA were performed at different times (0, 10, 20, 30, 60 , and 120 min) on 5 g FW of tuber sliced below-bud.
Electrophoresis was carried out using a horizontal starch gel The results are reported as a percentage of each fatty acid/total TRIS-citrate buffer system (Poulik, 1957) , and at pH 7.0 by fatty acids analysed and represents the mean value (SE ) of five phosphate-citrate buffer (Harris, 1966 Since PLs are the main lipid fraction in potato tubers volume, belonging to the eye, were excised from five randomly (Lepage, 1968) distribution of starch grains in tuber tissues and changes in grain dimensions were analysed on the same sections under polarized light. All the observations were carried out with a DAS Mikroskop Leica DMRB (Leica, Wetzlar, Germany). At each time point, the number of cell layers of the suberized periderm was determined on the same sections used for the counts of mitoses and on free-hand sections, stained with Sudan IV (Sigma Chemical Co.) according to Jensen (Jensen, 1962) .
Statistical analysis
In all experiments, mean values were compared using Student's t-test.
Results
Fatty acid composition of PL and FFA fractions of potato tuber slices
The analyses of the fatty acid composition of PLs and FFAs demonstrated that linoleic (C18:2) and linolenic (C18:3) acids were the only PUFAs present in potato tubers ( Table 1) .
IAA time-course after wounding in potato tuber slices There was a significant increase in the concentration different times after wounding (0, 10, 20, 30, 60, and 120 min) . Results are reported as mean value (±SE) of five determinations.
of IAA 20 min (P<0.01) after wounding (from Detection of lipid hydroperoxides in wounded potato tuber slices in the presence and absence of SHAM and NDGA
In order to verify whether the production of reactive species rising from enzymatic or non-enzymatic action might be responsible for the fall in the percentage of PLPUFAs, the effect of LOX inhibitors SHAM and NDGA (Peñ a- Cortes et al., 1993; Macrì et al., 1994) was examined (Fig. 3) . In untreated samples, LOOHs peaked at 20 min after wounding whereas, in the presence of SHAM, a reduction (~50% in absorbance) was observed. However, a slight concentration of lipid hydroperoxides was still detected, probably due to the presence of reactive species not originated from the LOX activity (Fig. 3) . NDGA, also acting as an antioxidant (Andrikopoulos et al., 1991) , exhibited a much higher (P<0.01) inhibitory effect on lipid hydroperoxide production up to 20 min.
Isoenzyme analysis of LOX in potato tuber slices at different times after tissue injury LOX isoforms, with different electrophoretic mobilities, were seen in the isoenzyme analysis at pH 7.0 ( Fig. 4) . The one having the highest electrophoretic mobility starting from a constitutive level at time 0 (2.01 U mg−1 protein) showed a strong activation at 20 min (9.41 U mg−1 protein) after wounding remaining activ- measured by spectrophotometric assay.
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Effect of exogenously added linoleic and linolenic peroxides on IAA concentration
To verify the role of LOOHs in IAA production, the effect of in vitro peroxidated C18:2 and C18:3 on the tuber slices was tested. Linoleic acid hydroperoxides (8-10 mg) exogenously added significantly increased (P<0.01) the IAA concentration at 20 min (from 470 ±32 ng in the control to 780.5±30 ng in the treated sample) ( Fig. 5) , followed by a decrease at 30 min up to 120 min. On the other hand the linolenic acid hydroperoxides, added at 2-3 mg because it represents about 30% of PUFA in PL fraction, did not influence the IAA concentration with respect to the control ( Fig. 5) .
Effect of SHAM in the presence of the exogenously added linoleic peroxides on IAA concentration
The enhancing effect of linoleic peroxides on IAA concentration ( Fig. 5 ) was lost when these compounds were (465±33 ng) and maintained the same trend at the other time points. On the other hand, in the presence of SHAM, the IAA concentration decreased (P<0.01) at 20 min and on average, two small lateral buds. All the buds were it was followed by a non-significant increase up to connected with a very superficial procambium. In the 120 min.
procambial strands located in the middle and deep portions of the explant, and far from the buds, mitoses could Histological analysis be observed after 120 min and the number of these increased up to 24 h ( Table 2 ). In the procambia, near At time zero the eye contained a developed central bud, not yet showing cell elongation in the pith meristem and, and below the bud domes, mitotic activity did not seem to be affected by wounding ( Table 2 ). An average of 3.5 layers of suberized cells (Fig. 7A) were present in the periderm at time 0. The number of these layers increased with time from 4 (at 20 min) to 6 layers (at 24 h) ( Fig. 7B) . A number of periderm layers with no suberized cell walls was present below the suberized layers. In these layers mitotic activity, was absent at time 0, sporadic at 120 min, significantly increased at 360 min, and then decreased slightly, but not significantly ( Table 2) . Initially (120 and 360 min) all the observed mitoses occurred in the first three non-suberized layers (Fig. 7C ). Subsequently (24 h) they appeared in the fourth layer, and seemed to be associated to a phellogen-like activity. In the dome of the central and lateral buds mitoses reached a highly significant value (P<0.01) at 360 min after injury, increasing up to 24 h, but with a lower significance level (P<0.05) ( Table 2 ). In no tissue and at no time point did synchronization in mitotic activity occur. After 120 min the cells located in the deep zone of the tuber explant were filled by starch, while the superficial grains. Furthermore, the nuclei surrounded by the small grains seemed in a pre-prophasic stage, being hyperobtained with the lipid hydroperoxides added exogenously suggest a specificity of action of linoleic versus linolenic trophic, highly chromophil and with a single, prominent nucleolus (Fig. 7D) . The cells containing such nuclei were acid in IAA increase in potato tubers. This specificity of response seems to be similar to that obtained in an animal considered to indicate reactivation of the mitotic cycle. Although they also occurred occasionally at time 0, they system (Nagy et al., 1998) . A generator of LOOHs is the LOX that works in increased significantly (P<0.01) at 20 min, with a mean number of 350±40 (×10−3) per section and three times general in combination with LAH and PhL ( Thompson et al., 1987; Croft et al., 1990) . The isoenzyme analyses more at 120 min. They were observed 6-7 layers below the suberized periderm and in the tuber portion far from show a high activity of a LOX isozyme either at pH 7.0 or pH 8.7 up to 120 min after wounding. Moreover, the the buds. In the same tissues binucleate cells ( Fig. 7E) and cells with multilobed nuclei occurred.
results obtained in the presence of LOX inhibitors, SHAM and NDGA, further confirm the LOX involvement in At the final sample point (24 h), two axillary buds were present on the flanks of the central and of the lateral LOOHs production. However, a role of reactive oxygen species in the peroxidation of membrane lipids cannot buds of the eye ( Fig. 7F ) , and intense mitotic activity was observed on these buds. At this time, the central and definitively be excluded. It is known that one of the biochemical responses to wounding is the activation of lateral buds started to elongate (Fig. 7F ) and the pith cells below the dome expanded, and this event resulted the superoxide-generating NADPH oxidase system ( Thompson et al., 1987; Doke et al., 1991;  Bolwell and in the macroscopic appearance of the buds on the tuber.
In a following experiment the effect of SHAM (1 mM ), Wojtaszek, 1998) and the early formation of reactive oxygen species could be partly responsible for the peroxadded soon after injury, on mitotic activity was compared with the effect of wounding per se. No significant differidation of fatty acids released from membrane phospholipids ( Kappus, 1985; Fanelli et al., 1992) . A slight amount ence was observed in the mitotic activity between treated and untreated samples at time 0 [2±1 (×10−3) and 5±3
of LOOHs was observed after wounding even in the presence of SHAM, whereas the NDGA, which can also (×10−3) mitoses, respectively].
The treatment with SHAM (1 mM ), at 360 min, inhibact as an antioxidant, severely inhibited LOOH generation. Nevertheless, the severe inhibitory effect of SHAM ited mitotic activity compared with the control [6±2 (×10−3) and 38±6 (×10−3), respectively]. At 24 h the on LOX activity accounts for the key role played by this enzyme in the lipoperoxidation process up to 120 min mitotic activity increased further in the control [66±10 (×10−3)] while in the SHAM-treated explants it was after wounding. The enhancing effect of in vitro peroxidated C18:2 on nearly unchanged [8±3 (×10−3)]. Further mitotic activity in the SHAM samples was observed in the bud dome IAA concentration supports their close relationship in this kind of stress response and seems to minimize a only, while this was not restricted to this area in the wounded control in the absence of SHAM as in the potential involvement of jasmonic acid soon (20 min) after injury. This was furtherly confirmed by the failure previous experiment ( Table 2) .
of in vitro peroxidated C18:3 to enhance IAA concentration at the same time points. Furthermore, among the Discussion three families of LOX present in the tuber and root of potato, LOX-1, that works with C18:2 as substrate, is The results show a relationship between PUFAs peroxidation, with LOOHs formation, and IAA production in most prevalent (Royo et al., 1996) . The LOOHs deriving from C18:2 can not act as precursors of jasmonic acid, potato tuber at different times after wounding. This relationship suggests that membrane modifications, due hydroperoxylinolenic acid being its sole known precursor (Sembdner and Parthier, 1993) . Moreover, the presence to abiotic stress, lead to the production of a growth factor (IAA) with subsequent cytological effects. The LOOHs of C16:3 in the potato leaves and its involvement with dinor-oxo-phytodienoic acid as a hexadecanoic signal act as secondary messengers capable of triggering at least some biological responses. These time-courses of IAA, related to the jasmonate family has been reported ( Weber et al., 1997) . Dinor-oxo-phytodienoic acid transforms linoleic and linolenic acid are in agreement with the results reported by other authors, although under different C18:2 into a-ketol 13-hydroxy-12-oxo-9 (z) octadecenoic acid. This compound seems to be implicated in the experimental conditions (Gaspar et al., 1994; Theologis and Laties, 1981) . This suggests that such phenomena activation of the LOX 2 (4 h after wounding) with the subsequent formation of jasmonic acid. However, LOX could be a part of a general physiological response to an abiotic stress. The relationship between lipid hydroperox-2 is poorly expressed in potato tubers (Royo et al., 1996) , and therefore this pathway can not be considered in this ides and IAA production was supported both by the good direct correlation (R=0.90) between these paraexperimental model. It is only possible to speculate as to how the LOOHs meters and by the IAA response to the addition of synthetic lipid hydroperoxides. In particular, the results promote the increase of IAA. Linoleic hydroperoxides can lead to an increase of IAA both by activating DNA stress, may be responsible for auxin messages to cell differentiation. transcription factors with subsequent de novo synthesis of IAA or by the activation of hydrolase enzymes that promote the cleavage of IAA conjugates. Preliminary Acknowledgement studies have shown that an esterase activity constitutively present was enhanced, after wounding, up to 120 min This work was supported by funds from University 'La Sapienza' of Rome, Italy (Progetti di Ateneo).
(unpublished results), supporting a theory that a putative cleavage of conjugated IAA can be stimulated up to 20 min after slicing. However, at least in animal models, be part of an overall stress response system starting from other reactive species levels, also present in pathogenic
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